High Performance Concrete is a material that was regarded as "academic" for quite a number of years. Now, the profits of this material are becoming to be recognized. The high compressive strength is not the only advantage of this material. The fibers lead to small crack distances and give the material large ductility. The very dense material structure can as well result in high durability. This makes the material suitable for the design of lightweight slender structures with a long service life, as well as surprising architectural structures. On the other hand the material is appropriate for repair of structures, such as bridge decks. First applications show convincingly a large potential. At this moment an international committee (fib Task Group 8.6) works on producing an international recommendation.
Introduction
High performance fiber concrete is a material with a rather short history. Its introduction was relatively sudden, if one regards the very gradual development from conventional strength C45-C65 to high strength C95-C115. High performance concrete was not the continuation of this development, but a major step ahead. The idea to realize a material with an optimum particle packing, to limit the maximum particle diameter to a maximum of 1-2 mm, to use water -cement ratio's which are so low that all the water is used for hydration and to add fibers for ductility meant a revolutionary step forward. All at once concrete strengths over 200 MPa were possible. Probably the first concrete technologist who produced high strength fiber concrete was Hans Hendrik Bache in Denmark. He published already in 1981 about ultra fine particle based materials (Bache 1991) , Fig. 1 .
The brittleness of high strength concrete inspired researchers to add short steel fibers to the mixtures to provide adequate ductility. Especially in France experience was gained with steel fibers as an additional component, which resulted in a material which was not only very strong but as well very ductile. It was realized that the term "High Strength Concrete" would basically non cover the real significance of this material. Very soon therefore the name was changed into "High Performance Fiber Reinforced Concrete".
In the last decade of the previous century, increased interest developed into service life design. Many experiences had learned that concrete is not the eternal material that it was thought to be for a long time. Penetration of chlorides through the concrete, as an example, turned out to be a major cause of deterioration of concrete structures. The large scale deterioration of structures was the reason that design for durability was introduced into the codes with the same significance as design for safety and serviceability. High Performance Fiber Reinforced Concrete (HPFRC) if composed and produced well, can have a very small permeability for damaging chemicals like chlorides. This is a further reason to speak about "high performance" than "high strength". In this paper some applications are shown and trends are sketched.
In order to introduce HPFRC into building practice reliable recommendations are necessary to increase the confidence of users. In this respect it should be noted that codes are available for traditional fiber concrete already. A difficulty is that it is not easy to develop a consistent code for fiber concretes of any arbitrary strength. Nevertheless it is worthwhile to put substantial effort into the development of consistent and compatible codes for fiber concrete in all its variety. This fits well into the idea of developing a new design philosophy for materials and structures, recognizing the large potential of new types of concrete to be designed for performance and not only for strength. This way of designing is denoted as "defined performance design" and the intro- duction of this new design philosophy is regarded as one of the most important challenges for future codes.
The potential of UHPFRC for new types of structures
The potential of the HPFRC has been demonstrated during the last years by quite a number of interesting applications. Figure 2 and 3 show the potential of HPFRC for the design of structures with a high architectural quality. Figure 2 shows an elegant spiral staircase as realized in Denmark. The stairs are made of a concrete which contains both fibers and traditional reinforcing bars. The idea to combine fibers with traditional reinforcement is very good. Early applications in Denmark showed that it is possible to combine large volumes of fibers (2-4%) with high reinforcing ratio's of traditional reinforcing bars (5-10%). This composite material was designated as CRC (Compact Reinforced Composite) . The advantage of combining fibers with rebars is that rebars can be economically used for the main bearing function, whereas fibers allow very thin structural elements since they control splitting and spalling mechanisms and very effectively control cracking. Figure 3 shows an application of the same composite material CRC but now for balconies (Arup 2004 ). The concrete is made with white cement. The balconies are very light and are bolted to the façade of the building. In this way this technology can be used for the renovation of existing buildings
In Monaco HPFRC wall panels were made with the material Ductal in a subway station in Monaco for reasons of noise absorption, The panels were light (only 20mmm thick), easy to install, non-flamable and contributed to the aesthetics of the interior of the station. The panels were perforated with holes 15x15mm for acoustic reasons Fig. 4 , left. A further advantage of the use of HPFRC for the panels was that they are vandalism-resistant (especially graffiti). They do not contaminate quickly because of the near-absence of open pores on the material surface. Another application of HPFRC as wall panels is shown in Fig. 4 , right. The panels were 20mm thick and were provided with a special texture for reasons of aesthetics.
Meanwhile a number of medium span bridges have been built in HPFRC. The most famous bridge is the first one, a pedestrian bridge in Sherbrook. In France the bridge in Bourg les Valence is well known, whereas in Japan the Sakata Bridge was an interesting demonstration of the potential of HPFRC. Those bridges do not only have the aim to get design engineers acquainted with the new technology, but as well to demonstrate potential customers that practical applications with HPFRC are possible. A recent example of such a pilot project was the Gärtnerplatz bridge in Kassel (Fehling et al. 2008) , Germany, which was opened to the public in 2007, Fig. 5 . The bridge has a total length of 133m and consists of an upper slab of concrete with a strength of 185 N/mm 2 and a thickness of 80-120 mm. The slab is supported by a three dimensional steel truss. The high performance concrete deck is connected to the truss with a glued connection. This concept is promising: high performance concrete and steel can be an excellent combination if the best properties of both materials are combined in an optimum way. Research on interface shear design concepts deserves therefore due attention. Substantial recent experience in various types of structures has been gained as well by French engineers [e.g. (Behloul and Batoz 2008) ]. These new structures show that HPFRC is a material to realize light, slender and durable structures, which are appealing from an esthetic point of view and ecologically interesting by the possibility to minimize the use of materials.
Further to its strength and ductility HPFRC offers other favorable properties. Considering the wish to design structures according to a specified (long) service life, the low permeability of the material offers chances.
Important work in this respect was carried out at the University of Kassel in Germany. Schmidt (2003) studied the porosity of two HPFRC mixtures (C180-200) and compared them with the porosity of conventional concrete C45/55 and high strength concrete C105. As a result of the very low W/C ratio of about 0.20 and the high packing density of the aggregate particles and the fillers, the total porosity (air pores + capillary pores + gelpores) of self compacting or nearly fully consolidated HPFRC sinks down to about 4-6 Vol. %. Figure 6 shows the distribution of the pore-radii, measured by mercury intrusion. It is shown that the capillary pores, responsible for the transport of O 2 , H 2 O, CO 2 and Cl -, are practically absent. This is the reason that a skillfully produced HSFRC has a very high resistance against carbonation and chloride ingress and against frost-thaw salt exposure.
In additional tests on carbonation Schmidt (2003) showed, that for the HSFRC mixtures investigated, after half a year a carbonation depth of only 0.3-0.5 mm was reached. After 3 years a depth of 2 mm was measured which is much smaller than found in conventional mixtures.
In the scope of the same program chloride penetration tests were carried out. Chloride diffusion was tested with the rapid test method developed by Tang and Nilsson (1993) . According to this method a short concrete cylinder with a thickness of 35mm is placed in between two chambers. In the one chamber there is water, and in the other a 10-% chloride solution. The chloride diffusion is accelerated by applying a voltage difference of 40 V between the chambers for a period of 6 hours. In reference specimens of normal concrete a chloride penetration depth of 23 mm was measured. In the HSFRC the chloride ions only penetrated over a depth of 1mm in the concrete.
Finally Schmidt (2003) carried out pilot tests on the resistance of HPFRC to frost-thaw cycle and simultaneous salt exposure. Figure 7 shows the loss of material due to scaling (g/m 2 ) for HSFRC in comparison with conventional high strength concrete (C100) and normal concrete with air entrainment. The values measured for HPFRC appear to be very low.
An example of an application where both the strength of the material and its durability are combined is the use of HPFRC for anchor elements of prestressing tendons in a sea environment, Fig. 8 . In the Netherlands an analysis was made of the suitability of UHPFRC for the gates of the Storm Surge Barrier "Eastern Scheldt" in The Netherlands, Fig. 9 Scaling after 28 freeze-thaw cycles Fig. 7 Comparison of scaling due to frost-thaw cycli between UHSC, HSC and aerated normal concrete according to Schmidt (2003) .
marine environment the steel doors have been provided with a coating in order to protect them against corrosion. However, inspection in the early nineties showed, that nevertheless substantial corrosion developed. So, the coating had to be replaced, which increased the maintenance cost significantly. At TU Delft, in cooperation with the Dutch Ministry of Infrastructure, an investigation was carried out in order to find out whether a door made of HPFRC would be a viable alternative. From the point of view of durability this is an excellent solution. It was shown that in the case of an eventual new structure, a door in HPFRC would be the cheapest solution with regard to the integral cost, including maintenance, followed by an aluminized steel door. The investigation showed furthermore, that a door in HPFRC would have a weight of 640 tons, whereas the weight of a steel door is 450 tons. This means that even an exchange of doors could be considered, because the lifting equipment had been over-designed and nowadays low-friction materials are available which would reduce the frictional forces, exerted on the door during lifting. A plan has been made to produce one door in HPFRC and substitute it for a steel door, as a large scale pilot project. Due to a reorganization of the Ministry the definite approval is still standing out.
Another very interesting application is the use of HPFRC for prestressed sheet piles. Prestressed sheet piles are normally made of steel, but have been produced in concrete C55/65 as well. The thickness of those piles, which were both reinforced and prestressed, was 120mm. A new self-compacting high strength fiber mixture was developed in order to reduce the slenderness of the piles. The new piles are prestressed in longitudinal direction by strands, but contain no mild reinforcement, of straight steel fibers with a length of 13mm and a diameter of 0.16mm, and 21 l/m 3 superplasticizer. The cube compressive strength after 24 hours was already 74 MPa. Hence, the elements could be demoulded very quickly. After 28 days the cube compressive strength was 120 MPa. The centric tensile strength was 6 MPa after 1 day, 12 MPa after 1 week and 13.5 MPa after 28 days. The price of the concrete was 450 Euro, which was about 4 times the price of 1 m 3 concrete C55/65. At first sight this seems quite high, but it should be realized that the piles have a thickness of only 45mm in stead of the 120 mm for concrete C55/65. So, the necessary volume of con- crete is reduced to about 1/3. Because of the smaller cross sectional area less prestressing steel is necessary than in a pile in C55/65, whereas mild steel was omitted totally. Another advantage is that the high strength concrete piles, contrary to the C55/65 piles, can be stacked on one another and can therefore very economically be stored and transported. At the site they can be handled more easily and it takes less time to bring them into the bottom. This is an important advantage, because sheet pile walls have often a length of hundreds of meters (Fig.  12) , so that considerable savings in time and money can be achieved. Moreover, by virtue of the fibers hardly any damage occurs during hitting the piles into the bottom. So finally a very competitive product has been achieved. It should be noted that the durability of the concrete is crucial for its success. The new piles, with a thickness of 45mm, are prestressed with strands ½", so that the concrete cover is only about 15 mm.
Retrofitting bridge decks with high performance concrete
A further interesting application of high performance concretes regards the repair of bridge decks. In The Netherlands a substantial number of bridges have been built with orthotropic steel decks with an asphalt layer on the top. This type of bridges, however, often show problems, related to flexural deformations of the deck plate under traffic and their effect on the ribs or stiffeners, cross beams and girders. Due to the increase of both the traffic intensity and the axle loads, which were not foreseen in the initial design, premature fatigue cracks occurred. Repairing the cracks and applying a new asphalt layer can give a solution for a number of years, but it is not satisfactory, also because of the shutdown time for the traffic necessary for repair. Another solution that was proposed was the replacement of the asphalt layer by a reinforced high performance concrete overlay, which is bonded to the bridge deck (Boersma et al. 2004; Braam et al. 2003) . Tests have been carried out into the effect of concrete overlays, which contained one or more layers of welded mild reinforcement (bar diameter 8mm and bar spacing 50mm). The concrete contains both steel fibers and acrylic fibers. The average concrete cube strength is 120 MPa. The concrete contains about 70 kg/m 3 steel fibers (12mm x 0.4mm). The thickness of the overlay is about 50-60 mm. The connection to the steel beams is made by at first applying an epoxy-layer (2mm) at the steel surface, on which split (4-6mm) is sprayed in order to obtain an interface layer with sufficient bonding capacity. Figure 13 shows a steel beam with an overlay, subjected to a fatigue test. The replacement of the asphalt layer by the high performance fiber concrete results in a considerable reduction of the stresses in the steel girders. Stress amplitudes of 124 MPa are reduced to 28 MPa. This means that the mass of the concrete plays an important role. Of course, the layer thickness could be smaller by increasing the strength of the concrete, but then the stress amplitudes would become proportionally larger as well. Tests have been carried out with regard to time dependent behavior of the concrete, the adhesion capacity, the frost-thaw resistance in combination with de-icing chemicals and chloride penetration. These tests confirmed the durability of the solution. Figure 14 shows the spreading of the concrete at the site. Now, various Dutch bridges get new bridge decks in high strength fiber reinforced concrete. Another interesting application of an ultra high strength fiber reinforced concrete is the replacement of the bridge decks of the "Kaag"-Bridges in The Netherlands (Kaptijn and Nagtegaal 2003) . shows the assembly of the precast HPFRC bridge decks. In this case, the concrete is not only reinforced with steel fibers, but as well with mild reinforcement. As was already shown by Bache (1991) in the beginning of the eighties, very dense mild reinforcement in combination with high steel fiber percentages can be a very suitable combination. The strong matrix in combination with the fibers gives an excellent composite. This effect is optimized by using small reinforcing bar diameters at small distances. This composite was called Compact Reinforced Composite (CRC). Structural members with CRC are very ductile, durable and slender. The resistance against fatigue and impact is large.
The concrete mixture is a combination of CEM III 52.5, silicafume, bauxite 0-1 and 5-8mm, steel fibers 0.4x12.5 mm, superplasticizers, and an air entraining agent. The water binder ratio was 0.18. The strength class obtained with this mixture was about C180. After one day hardening the compressive strength was already 90 MPa. The bridge decks shown in Fig. 15 have a thickness of only 45 mm. They are reinforced with 3 meshes 8mm-40mm. Those three layers fit in a height of about 26mm, The concrete cover at the upper side is 9mm, at the lower side 10mm. The length of a deck element is 7.2m and the width is 3.0m. The element is supported on beams at a distance of 865mm. The specific weight of the concrete is 2850 kg/m 3 . The weight of a panel per m 2 is 170 kg. Although the price of the material per m 3 is high, the solution in total is competitive because of the small amount of materials which are needed, the easy transport, the quick assembly and the high durability. The very low concrete cover is realistic because of the very large density of the material. The diffusion coefficient for chlorides is for instance a factor 50 smaller than that of a concrete C45/55 CEM III. Test on various HPFRC's, which were exposed to wet/dry cycli during a number of years at a NaCl-concentration of 3.5% have shown that the chloride penetration was restricted to the outer 1 to 2 mm, even in permanently cracked concrete.
The previous examples were all related to strengthening the deck of bridges. However, also for increasing the integral bearing capacity of bridges HPFRC can be advantageous. A very good example is the Huisne Bridge in France [Thibaux, 2008] . This bridge, 65 m long, consists of two parallel decks 15 m wide, each comprising two independent spans supported by five prestressed, precast I-beams of span length 31.60 m. The bridge should be adapted to a situation with more intensive traffic and higher traffic loads, so that it was decided to increase the bearing capacity by external prestressing. However, the prestressed I-beams were designed for the old situation and could not sustain the additional compression corresponding to the additional external prestress. The innovative solution was to make the webs of the existing beams thick with HPFRC and taking profit of the higher Young's modulus of this material. The mixture used (BSI, developed by Eiffage) had a Young's modulus of about 64 MPa, which is about twice that of an ordinary concrete. By virtue of this material stiffness, the newly added part of the cross section attracts the major part of the prestressing force, so that the old concrete is not overstressed. An important aspect as well is that the long-term Young's modulus is even three times higher than that of an ordinary concrete, reducing creep strain accordingly. Figure 16 shows the strengthened cross-section in the anchorage region.
Exploring the possibility of the application of UHPFRC in tunnels
It may be wondered whether applications of HPFRC in bored tunnels (Fig. 17) are possible as well. Tunnel linings are predominantly subjected to radial forces so that the concrete is generally loaded in compression. According to this argument HSFRC could be expected to be an excellent application, since the lining elements are lighter and more easily transportable and mountable, which could have a favorable effect of the speed of construction.
The minimum lining thickness, however, does not only depend on the magnitude of the radial compressive force exerted by the soil and eventual water. In general the construction stage is governing the design. Effects that play a role are splitting forces due to the jacks, compressive forces, uplift forces due to fresh grout, dimensional inaccuracies etc.
Taking those design criteria into account, it can be demonstrated that the use of UHPFRC can lead to much thinner linings (compare the grey areas in Fig. 18 (concrete C35/45 and Fig. 19 (concrete C180/210). In these figures the allowable lining thickness h is shown as a function of the depth of the tunnel below the surface (Groeneweg 2007) 
Recent results of research at tu delft

Hybrid fiber concrete
There have been fundamental discussions on the role of the fibers in FRC. In conventional reinforced fiber concrete the fibers are relatively large in comparison with the aggregate particles. The fibers are activated as soon as a major crack in the concrete occurs: by bridging the crack, fibers more or less act in the same way as reinforcing steel. In HPFRC the fibers are much finer: they are already activated when microcracks occur in the concrete. It may therefore be wondered whether those fine fibers act as reinforcement, or whether they are an integral part of the composite on a lower (micro) level. Markovic (2006) combined in one mixture short fibers with long fibers (Fig. 20) .
The fine fibers react immediately on microcracking in the concrete. The further growth of those microcracks is therefore counteracted from their origin. Hence the concrete appears to stay longer in the elastic phase. When, under the influence of the increasing external load finally macrocracks occur, the long fibers are activated. Figure  21 shows the results of a number of bending tests on short beams made of hybrid fiber concrete. Here various combinations of long (40 or 60mm) and short (13 mm) fibers have been used. Very high flexural strengths (up to 45 N/mm 2 ) have been measured. The compressive strength of this concrete was about 120 N/mm 2 . It turned out that there are considerable differences between concretes with one type of fiber and concretes with combinations of fibers. Figure 21 shows for instance that a mixture with 2 Vol. % of fibers with l =13 mm reached a flexural tensile strength of 25 N/mm 2 whereas a mixture with 1 Vol. % short fibers (13mm) (60) 1%(13)+0.5% (60) 2% (13) 1% (13)+1% (40) 2% (6)+1% (60) 2% (13)+1% (60) 2%(6)+2% (13) 4% (6)+1%(40) flexural strength (MPa) Fig. 21 Bending tensile strengths of various types of hybrid fiber concrete (Markovic 2006) . N/mm 2 . It can as well be seen in the diagram that 1 Vol. % of short fibers combined with 0.5 Vol. % of long fibers (40 mm) offers the same flexural tensile strength as 2 Vol. % of short fibers. This shows that by combining different types of fibers optimization of properties can be achieved.
Fatigue
One of the advantages of HPFRC is that the material allows light structures. A consequence is, however, that fatigue -a criterion that hardly plays a significant role in massive conventional concrete structures, can now become decisive. Fatigue can occur for instance due to traffic loads (bridges) wind (off-shore wind turbines). At TU Delft a research project was carried out in which the behaviour of different types of HPFRC under fatigue loading was investigated. The concrete with the highest strength was BSI/Ceracem. This concrete had a relatively large maximum coarse aggregate diameter (7mm) with 2.5 Vol. % (200 kg/m 3 ) fibers 20/0.3 mm. The mean compressive strength was 220 MPa. Another mixture, denoted as HSFRC, was developed at TU Delft (Grünewald 2004) . This mixture was a.o. used for the production of the prestressed sheet piles (Fig. 9) . The mixture contained 1.6 Vol. % fibers with a length of 13mm and a width of 0.16 mm. The average compressive strength was 145 N/mm 2 . The third mixture was a hybrid mixture, with 0.5 vol. % short fibers (l = 13mm and d = 0.2mm) and 1 Vol. % long fibers with hooked ends (l = 60 mm, d = 0.75mm) according to Markovic (2006) . The compressive strength of this concrete was about 120 N/mm 2 . With all mixtures beams 125 x 125 x 1000mm were made, which were subjected to four point bending. Both static and fatigue tests have been carried out. Figure 22 shows the results of the tests under static loading, represented by the relation between calculated flexural stress at the bottom of the beam and the deflection at mid-span. The "hardening" part of the curves, which is a proof of a well-designed HPFRC is clearly visible in all curves. The results of the fatigue loading tests are represented in Fig. 23 . The mixture HSFRC demonstrated the best behaviour: with an upper load of 70% of the average static failure load only one of the seven beams failed within 107 cycles. For the mixtures BSI/CERACEM and the hybrid mixture an equivalent behavior was found at 60-65% of the static strength. Moreover the BSI/CERACEM, used here, showed a higher scatter. The research demonstrated, that better workability leads to smaller scatter in test results under fatigue loading.
Cracking behaviour of HPFRC in combination with reinforcing steel.
The cost of high and ultra high strength fiber concrete is predominantly governed by the steel fibers. In this respect it is illustrating to analyze the meaning of 125 kg/m 3 fibers 13/0.16 mm in an unconventional way. A simple calculation shows that 1 m 3 concrete contains 60 millions of such fibers, altogether representing a wire with a total length of 791 km. This means as well that any cm 3 contains 60 fibers. These fibers especially influence the behavior on a micro scale (counteracting the growth of microcracks). Previously, when treating hybrid fiber concrete, it was demonstrated that long fibers can be a favorable additional component, because they take over the role of the short fibers after macro cracking. Of course the task of the long fibers can be adopted by traditional reinforcing steel or prestressing steel as well. An interesting example of a combination of wire mesh and steel fibers was shown in Fig. 15 , showing the placement of a deck plate made of reinforced fiber concrete. The three meshes d s = 8mm -40mm represent a reinforcing ratio of 8.4% which shows, in combination with the 200 kg/m 3 steel fibers 12.5/0.4 mm, a high strength, high ductility and durability. In spite of these excellent characteristics it is clear that the material can be further optimized. On the one hand this refers to the production technology, on the other hand the cracking behaviour under tension and shrinkage. Moreover the question could be raised where one finds the optimum between mixture composition and mechanical properties. In order to give a contribution to the answer on this question at TU Delft tests have been carried out on combinations of high and ultra high strength fiber concrete, provided with reinforcement in combination with various volumes and types of fibers. As a part of the research axial tension tests were conducted on reinforced prismatic bars. The concrete used had compressive strengths of about 130 and 180 N/mm 2 respectively. The volume of fibers was 0 vol. %, 0.8 Vol. % and 1.6 Vol. %, which corresponds to 0, 60 and 120 kg/m 3 steel fibers. Figure 24 shows the crack pattern which was obtained by tensioning the prismatic bars 50x50mm, reinforced with a reinforcing bar d s = 6mm in the centre of the cross section.
The results show that the number of cracks increases with increasing fiber volume. Another important conclusion is that in the bar without fibers crack localization occurs in a number of cracks, whereas in the elements with fibers localization only occurs in one crack. This is a result of the variation of the concentration and orientation of fibers in the different cross sections. Of course an important question is whether the number of cracks and their distance can be calculated with an extended version of existing code rules. To this aim the behaviour of the fiber concrete in tension was tested with centrically loaded, so called "dogbone" specimens. On the basis of the tests the response curves were simplified as shown in Fig. 25 .
This aimed at describing the behaviour in such a way that it represents the actual behaviour well and simultaneously offers a relation which can be used in combination with existing code rules for reinforced concrete. The relation shown in Fig. 25 consists of a linear (elastic) part until first cracking and a plastic part immediately afterwards. The plastic post-cracking tensile strength is formulated as αf ct . At larger crack opening a declining branch is added, which however is often not relevant for design calculations. The simplification according to Fig.  25 turns out to be advantageous when calculating the crack width and crack distance. Because the fibers transmit stresses across a crack they reduce the length at both sides of the crack necessary to restore the undisturbed situation. This means that the mean crack distance, and as a consequence the mean crack width, will be smaller as a result of the action of the fibers. Figure 25 gives both the tensile strength f ct of the HPFRC considered, and the stress which is be transmitted across the crack αf ct . With those data it is easy to derive an expression for the crack width calculation in reinforced HPFRC. Corresponding to this, the transmission length l t is
The mean crack spacing s is then accordingly
From centric tests on dogbone specimes for the concrete with a compressive strength of 130 N/mm 2 a centric tensile strength f ctm = 5.5 N/mm 2 and a post cracking reduction factor of α = 0.72 was found. For the concrete with a compressive strength of 180 N/mm 2 a centric tensile strength f ctm = 9.0 N/mm 2 and a post cracking reduction factor of α = 0.88 was found. With those values the calculated crack distances given in Table 1 are (Shionaga et al. 2008) .
obtained (Yang 2007; Yang et al. 2008) . The agreement between calculated and measured values is seen to be good.
Shear capacity of HPFRC
At TU Delft in 2007 a series of shear tests was varied out by Pansuk (2007) . The research program contained a series of three beams according to Fig. 26 . The mean compressive strength of the concrete was 140 N/mm 2 . The concrete contained 0, 0.8 Vol. % and 1.6 Vol. % of fibers 13/0.16mm. The beams were provided with 2 bars d s = 25mm as longitudinal reinforcement which was expected to be sufficient to avoid failure in bending. Figure 27 shows the beams in the failure state. It can be seen that the fibers are adding quite substantially to the shear capacity of the beams. Also in this case existing code provisions can be used to extend their validity to HPFRC. In the Eurocode 2 the method of the variable inclination strut model to determine the shear capacity has been adopted. According to this method a strut angle can be chosen between 1 ≤ cot θ ≤ 2.5 and the stirrups crossed by the inclined crack under the corresponding angle can be contribute to the shear resistance with their yielding forces . The shear capacity is then 
where h = full depth of section, σ pf = post cracking plastic fiber strength (Fig. 25) . Here the full cross sectional depth h is introduced, because the fibers contribute also below the longitudinal reinforcement level. Since the fibers are expected to add to the redistribution capacity it is assumed that the limits of strut rotation can be widened to 1 ≤ cot θ ≤ 3. Direct tensile tests on dogbone specimens provided values of σ pf = 5.6 and 9.0 N/mm 2 for fiber volumes of 0.8 and 1.6 % respectively. In combination with cot θ = 3 the values shown in Table 2 are obtained.
Of course these results can only be regarded as provisional and further evidence is necessary. It shows, however, that extending existing code rules to HPFRC is a promising option to be further explored.
On the way to design rules
In order to be able to quantify the mechanical properties Mix 2 1.6% 9,0 500 531 of high performance fiber reinforced concrete (HPFRC) in order to be able to design structures, the material should be qualified by tests. In principle, the behaviour of materials subjected to tension can best be obtained by conducting an axial tensile test. However, conducting an axial tensile test is associated to a number of difficulties. First, fracture at the glued end faces of the specimen should be avoided by appropriate measures, such as tapering the specimens. Second, the result of the tests can be highly influenced by eventual load eccentricities, which are hard to avoid. The centric tensile test should therefore preferably be carried out in a highly qualified laboratory, and is not suitable for industrial use. For fiber reinforced concrete other difficulties apply. In a small cylindrical specimen there is a considerable boundary effect. The fibers tend to orient parallel to the wall of the mould and furthermore the fiber orientation is influenced by the way of casting. This latter influencing factor does not only apply to cylinders cast in a mould, but as well to cylinders sawn from a larger element like a slab. For practical reasons a bending test on a short beam or a prism is an attractive alternative because of the relatively easy way of conducting the test. However, the scatter of such tests is large. The result is quite sensitive for the production of the concrete, the casting and the vibration. Figure 28 shows the scatter as observed in standard bending tests according to Gossla (2000) . Recognizing this, RILEM defined a standard test beam for conventional fiber reinforced concrete with a notch and prescribed exactly how to fill the mould, how to carry out mechanical compaction and how to measure the load deflection relation and load crack opening relation. Finally it is described how stress -strain relations can be derived, on the basis of reversed analysis, from the test results. Figure 29 shows the test beam as prescribed by RILEM.
In the French regulations for UHPFRC (Resplendino et al. 2002 ) the influence of fibre orientation in the standard test specimens and the structural elements is recognized. The solution offered is based on the introduction of two different types of tests. Here thin and thick elements are distinguished, in order to reflect as much as possible the structural behaviour of thin and thick structural members in practice:
(a) If the bending behaviour of a thin element is considered, the standard test should be carried out on a specimen where the cross-sectional height is smaller than 3l f , where l f is the fiber length. By choosing a standard bending test with such a small thickness, Fig. 30 , the stress -strain relation includes already somehow the effect of alignment by the boundary conditions, which is expected to occur in thin structural elements as well.
Anyhow this test is not considered as absolutely representative, since it is advised to apply a correction factor 1/K to the results obtained from specimens taken from the actual structural element.
(b) For the design of thicker elements (h ≥ 3l f ) the following procedure is advised. A series of prism is cast and notched and subjected to a bending test. By inverse analysis the post-cracking stress -crack width relation (σ -w) is obtained. This relation is corrected with a factor 1/K representing the difference between the bending test on a cast prism and the actual behaviour of the structural member. To this aim prisms are sawn from a prototype of a member to be produced.
An advantage of this method is that relations are obtained which will be much alike the behaviour of the structural member. The disadvantage is that in both cases (thin and thick test elements) the standard test does not pretend to give a basic relation. The stress -crack opening curve is a general reference in relation to more detailed tests on specimens sawn from the structural element. For various types of structural elements advisory values for 1/K could be given: this needs further tests. In fact this method comes very near to "prototype testing" of complete elements. At this moment the international fib Task Group 8.6 (UHPFRC) works on a recommendation for Ultra High Fiber Reinforced Concrete, whereas TG 8.3 works on a recommendation for conventional fiber concrete. A point to be considered is that preferably the design rules for conventional fiber reinforced concrete and ultra high performance concrete should be compatible, so that also designs with fiber concrete with intermediate strengths should be possible. The first concept of the new design code for UHPFRC is expected to appear in 2009.
Conclusions
(1) High performance concrete has developed in relatively short time to a material with a recognized high potential of application. (2) High performance concrete can be used with profit in combination with reinforcing steel or prestressing steel. (3) For UHPFRC a future oriented code has to be written, which is operational at the same time. So, the code should not only regard design for ULS and SLS, but also take into account aspects like service life design and performance-based design. (4) An important task is to get a code which is not "stand-alone", but is consistent with the codes for "classic fiber concrete". This is important since many interesting applications are in the range between conventional and ultra high performance.
